and sequenced gnd genes from the heteroloboseid affinity also are present in several nonphotosynthetic amoeboflagellates Naegleria gruberi, Naegleria anderprotistan lineages, such as Heterolobosea, Apicomsoni, and Acrasis rosea; the diatom Pseudonitzschia plexa, and parasitic Heterokonta. Current data cannot pungens; and the cellular slime mold (mycetozoan) Dicdefinitively resolve whether these groups acquired the tyostelium discoideum, using degenerate primers against gnd gene by primary and/or secondary endosymbiosis conserved regions. The euglenozoans Euglena gracilis or via an independent lateral gene transfer event. Nevand Rhynchopus sp., several ciliate species, the dinoertheless, our data suggest that chloroplasts were inflagellate Prorocentrum lima, and the diplomonad Spirotroduced into eukaryotes much earlier than previously nucleus barkhanus failed to yield positive gnd PCR prodthought and that several major groups of heterotroucts. cDNA clones from EST projects were retrieved and phic eukaryotes have secondarily lost photosynthetic sequenced from the parabasalid Trichomonas vaginalis, plastids.
. Maximum Likelihood Tree of 6-Phosphogluconate Dehydrogenase Protein Sequences ML protein phylogenies were inferred using PROML within the PHYLIP package, version 3.6 [26], with a mixed four-category discrete-␥ model of among-site rate variation (Dayhoff ϩ ⌫). Ten random additions with global rearrangements were used to find the optimal tree for the 46 taxon data set (shown). The ⌫ shape parameter ␣ was estimated to 0.69 and 0.65 for the 46 taxon and the 43 taxon short-branch data sets (taxa labeled § excluded-see text), respectively, with no invariable sites detected (P inv ϭ 0) using TREE-PUZZLE, version 4.02 [20] . Protein ML bootstrap values for bipartitions were calculated by analysis of 250 resampled data sets with one random addition with global rearrangements. Support values Ͼ50% for bipartitions in the protein analysis of the larger data set are shown above the branches, followed by the support values of the smaller data set if they differed by more than 10% from the larger analysis (indicated by *). Nucleotide ML analysis based on the first and second codon positions (886 positions) were performed using PAUP*, version 4.0b8 [27] . Using MODELTEST, version 3.06 [28] , it was found that a general time-reversible model incorporating a correction for among-site rate variation (using eight discrete rate categories) and invariable sites (GTR ϩ ⌫ ϩ Inv) best described all nucleotide data sets. The parameters were estimated from the data set (␣ ϭ 1.37, P inv ϭ 0.14). Nucleotide ML bipartition support values were obtained using 250 resampled data sets analyzed with one round of random stepwise addition and TBR branch swapping and are shown below the branches. Eukaryotes are labeled red, cyanobacteria green, and other eubacteria black. Taxa containing primary and secondary plastids are highlighted with green and blue boxes, respectively. Vertical bar indicates outgroup used in branch length calculations (see text). quences, the eukaryotes group into two distinct clades:
proteobacterial sequences indicate that the gnd gene has undergone lateral gene transfer within eubacteria sequences from heterokonts, Viridiplantae, Rhodophyta, and Heterolobosea form a "plant ϩ protist clade,"
[6] (Figure 1 ). On the other hand, the plant ϩ protist clade shows a specific affinity to an exclusively cyanobacterial and metazoan, fungal, and a second rhodophyte homolog form a second grouping. The absence of known cluster, to the exclusion of all other eubacteria, indicating an origin of this eukaryotic gnd version by gene archaebacterial gnd homologs [6] other sequences is also found in P. falciparum ( Figure  2B ), providing further evidence for its placement within Although the monophyly of the "cyanobacterial/plant ϩ protist clade" is consistently recovered, it is only moderthe plant ϩ protist group. Curiously, five eukaryotic protistan sequences fall ately supported by bootstrap analysis (Figure 1 ). This is partly due to the existence of long branches in the gnd outside the two large clades in the gnd tree. The sequence from the mycetozoan D. discoideum branches tree-long branches are well known to destabilize otherwise robust groupings in molecular phylogenies [23] . To as an immediate outgroup to an animal ϩ fungal/proteobacterial clade, whereas the kinetoplastid flagellates T. investigate the strength of the cyanobacterial/plant ϩ protist clade in the absence of long branches, we identified brucei and L. major and the amitochondriate protists Trichomonas vaginalis and G. lamblia are all included the latter by calculating the mean patristic distances to the outgroup (Figure 1) , using the TreeDis program in a weakly supported eubacterial clade with several long branching taxa outside of the cyanobacterial/ (George Weiller, Australian National University). Three branches (Trypanosoma brucei, Leishmania major, and plant ϩ protist group (Figure 1) . We tested if these five eukaryotic sequences are strongly excluded from the Giardia lamblia) were found to be significantly longer (p Ͻ 0.05) than the others and were excluded from the major eukaryotic groups. Unfortunately, different statistical tests gave contradictory results (see Supplemendata set to yield a 43 taxon "short-branch" data set. In the absence of long branches, the bootstrap support for tary Material included with this article online). Consequently, current data cannot definitively resolve whether the cyanobacterial/plant ϩ protist bipartition increased significantly for this data set, from 65 to 87 for the ML some or all of these sequences truly belong to one or the other major eukaryotic clades or if they were acquired protein analysis and from 62 to 72 for the ML nucleotide analysis, in support of a true sister group relationship through separate eubacteria-to-eukaryote lateral gene transfer events. between the plant ϩ protist and cyanobacterial clades. Due to a strong amino acid composition bias, the PlasOur phylogenetic analysis strongly supports the hypothesis that the plant ϩ protist gnd homologs origimodium falciparum gnd sequence was excluded from the extensive phylogenetic analyses described above.
nated through a gene transfer event from cyanobacteria. Figure  3B ). Both these scenarios imply widespread loss of secondary plastids from multiple lineages of nonphotosynthetic eukaryotes. The limited phylogenetic resolution within the plant ϩ protist clade in the gnd tree (Figures 1 and 2) makes it difficult to infer from the data which of the hypotheses presented in Figure 3 is most likely. However, we would expect the gnd sequences that originated via secondary endosymbiosis to branch within Viridiplantae or Rhodo- 
the common ancestor of Euglenozoa and their amoeboflagellate relatives, the Heterolobosea [22] (

